Neurogenin3 (NEUROG3) is a basic helix-loop-helix transcription factor required for development of the endocrine pancreas in mice. In contrast, humans with NEUROG3 mutations are born with endocrine pancreas function, calling into question whether NEUROG3 is required for human endocrine pancreas development. To test this directly, we generated human embryonic stem cell (hESC) lines where both alleles of NEUROG3 were disrupted using CRISPR/Cas9-mediated gene targeting. NEUROG3 In contrast, a 75-90% knockdown of NEUROG3 caused a reduction, but not a loss, of pancreatic endocrine cell development. We conclude that NEUROG3 is essential for endocrine pancreas development in humans and that as little as 10% NEUROG3 is sufficient for formation of pancreatic endocrine cells.
Neurogenin3 (NEUROG3) is a basic helix-loop-helix transcription factor required for development of the endocrine pancreas in mice. In contrast, humans with NEUROG3 mutations are born with endocrine pancreas function, calling into question whether NEUROG3 is required for human endocrine pancreas development. To test this directly, we generated human embryonic stem cell (hESC) lines where both alleles of NEUROG3 were disrupted using CRISPR/Cas9-mediated gene targeting. NEUROG3 pancreatic progenitors into mice. In contrast, a 75-90% knockdown of NEUROG3 caused a reduction, but not a loss, of pancreatic endocrine cell development. We conclude that NEUROG3 is essential for endocrine pancreas development in humans and that as little as 10% NEUROG3 is sufficient for formation of pancreatic endocrine cells.
In mice, pancreatic progenitor cells give rise to functional endocrine cells through an endocrine progenitor intermediate that expresses the basic helix-loop-helix (bHLH) transcription factor Neurogenin3 (Neurog3) (1) (2) (3) (4) . Neurog3 is required for development of all pancreatic endocrine cell types in mice (5-7) and does this through direct and indirect regulation of downstream targets, including the transcription factors NeuroD1 (8), Rfx6 (9), Pax4 (10), Nkx6.1 (11, 12) , Arx (13), and others. Neurog3
+ cells are first observed during the primary transition in mouse between e9 and e12.5. Although some of these primary transition endocrine cells may contribute to adult islets (3), the majority of endocrine cell mass forms during a second wave of endocrine cell development between e12.5 and e16.5.
Neurog3 is also required for development of intestinal (enteric) enteroendocrine cells in mice (14) (15) (16) (17) . Similarly, patients with biallelic mutations in NEUROG3 are born with intractable malabsorptive diarrhea due to loss of enteroendocrine cells, also known as enteric anendocrinosis (18) (19) (20) . Most mutations occur in, or result in a truncation of, the well-conserved bHLH domain of NEUROG3, which has been previously reported to render the protein transcriptionally inactive. However, all these patients were born with circulating C-peptide, suggesting that unlike in mice, NEUROG3 may not be required for the development of the human endocrine pancreas (21) .
We sought to unambiguously determine whether NEUROG3 is functionally required for human pancreatic endocrine cell development using pancreatic differentiation of human embryonic stem cells (hESCs) as a model system. We used two methods to disrupt NEUROG3 function: short hairpin RNA (shRNA) knockdown and direct modification of the NEUROG3 locus with CRISPR/Cas-mediated gene editing. All hESC lines generated pancreatic progenitor cells with equal efficiency, but NEUROG3 2/2 hESC lines were deficient in endocrine cell development in vitro and after engraftment into mice. In contrast, knockdown of NEUROG3 transcripts by up to 90% using shRNAs had only a marginal effect on the production of hormone-expressing cells in vitro. These data are consistent with the idea that the published NEUROG3 mutations are hypomorphic and not complete loss of function, thus allowing these patients to be born with a functional endocrine pancreas.
RESEARCH DESIGN AND METHODS

Cell Culture and Differentiation
The hESC line H1 (WiCell) was maintained in mTeSR (Stemcell Technologies) on Matrigel-coated plates. Before differentiation, cells were dispersed with Accutase (Stemcell Technologies), washed, collected, resuspended in mTeSR containing 10 mmol/L ROCK (Rho-associated, coiled-coil containing protein kinase) inhibitor (Y-27632; Tocris Bioscience), and plated at a concentration of 1 3 10 5 cells/cm 2 onto Matrigel-coated, 24-well Nunclon plates (Delta treated). Differentiation was initiated when cells reached ;75% confluence ;48 h after plating. At the start of differentiation (day 0), cells were switched to RPMI 1640 supplemented with nonessential amino acids, 100 ng/mL activin A (Cell Guidance Systems), and 50 ng/mL BMP4 (R&D Systems). Days 1-2 media included 0.2% FBS (HyClone) and did not have BMP4. On day 3, media were changed to RPMI 1640 containing 2% FBS, 50 ng/mL FGF7 (R&D Systems), and 50 ng/mL Noggin (R&D Systems). On days 5 and 7, media were switched to high-glucose (HG) DMEM (Gibco) containing 50 ng/mL Noggin, 2 mmol/L alltrans retinoic acid (Stemgent), and 1% (0.53) B27 without vitamin A (Gibco). Finally, days 9-11 media were prepared using HG-DMEM supplemented with 1% B27 and 25 ng/mL Noggin.
CRISPR Design and Targeted Mutagenesis
The plasmid encoding Cas9-2A-GFP (22) was acquired from Addgene (#44719). Guide RNAs (gRNAs) were designed to target downstream of the NEUROG3 start codon (gRNA1 59-GTGGGCGCACCCGAGGGTTGAGG, gRNA2 59-GGAAGGACCGCTCCGTCTCACGG). All gRNAs were synthesized as gBlocks by Integrated DNA Technologies and PCR cloned into the pENTR/D-TOPO vector (Life Technologies). H1 cells were transfected with 2.5 mg of each plasmid using the Amaxa P3 Primary Cell 4D-Nucleofector Kit (Lonza). Positively transfected H1 cells were then collected by FACS (using the 2A-GFP) and plated at a limiting dilution for subcloning. Individual colonies were isolated and clonally expanded. Genomic DNA was collected using the HotSHOT method (23) . For genotyping, PCR products were amplified, column purified (QIAGEN), and Sanger sequenced. The mixed sequence reader (24) was used to screen resulting mixed traces for insertions and deletions (INDELs). Predicted genotypes were then confirmed by subcloning using the Zero Blunt TOPO PCR Cloning Kit (Life Technologies) followed by Sanger sequencing.
Generating shRNA NEUROG3 Knockdown and Reporter Lines
Lentiviral vectors for NEUROG3 shRNA were obtained from the Cincinnati Children's Hospital Medical Center (CCHMC) Lenti-shRNA Library Core (TRCN0000020034, Mission Library; Sigma-Aldrich), and the mCherry reporter was generated using a 5.5-kb promoter region 59 to the NEUROG3 transcriptional start site. Vectors were packaged into high-titer lentivirus by the CCHMC viral production core. The shRNA was designed for the NEUROG3 sequence 59-CAGTCTGGCTTTCTCAGATTT. Low-passage H1 embryonic stem cells were dissociated into a single-cell suspension using Accutase and then replated in mTeSR + 10 mmol/L Y-27632. shNEUROG3 viral particles were added to the cells immediately before plating. Puromycin selection (2 mg/mL) was added 72 h after transduction, and lines were maintained under selection.
Aggregation of hESC-Derived Pancreatic Progenitors and Transplantation
Day 12 cultures were lifted off the plate by treatment with Dispase and gentle scraping, collected by centrifugation, dispersed into 100-500-mm-sized pieces, and aggregated for 24-48 h in ultra-low attachment six-well plates. Aggregates were then embedded into purified type I collagen (rat tail collagen; BD Biosciences) 12 h before surgery and then transplanted under the kidney capsule or directly into the splenic lobe of the pancreas of immunodeficient NOD-Scid IL-2Rg null (NSG) mice. Grafts were harvested 6 weeks after engraftment.
Cell and Tissue Processing and Immunofluorescence
Monolayers were fixed for 20 min at room temperature in 4% paraformaldehyde. Transplants were fixed overnight in 4% paraformaldehyde at 4°C, cryopreserved overnight in 30% sucrose, frozen in optimal cutting temperature compound, and cryosectioned in 8-10-mm increments. Before staining, monolayers and sections were blocked for 30 min (5% donkey serum and 0.5% Triton X in PBS). Primary antibodies were diluted in PBS + 0.1% Tween and incubated with the samples overnight at 4°C. Secondary antibodies were incubated for 2 h at room temperature. Cells were stained with DAPI (5 mg/mL in PBS) for 5 min. Sections were mounted using Fluoromount-G. All antibodies are listed in Supplementary Table 1 .
Image Acquisition and Analysis
Confocal images were captured using a Nikon A1R confocal microscope with photomultiplier-based detectors and motorized stage. The microscope has 405-, 488-, 561-, and 640-nm lasers with appropriate filters. All image analyses were performed using Bitplane Imaris software.
Figures were assembled using Adobe Photoshop and Adobe Illustrator CS6.
Quantitative Real-Time PCR All RNAs were column purified using a NucleoSpin RNA kit (Macherey-Nagel), including an on-column DNAse digestion. cDNA was produced with the SuperScript VILO cDNA Synthesis Kit (Invitrogen). Five nanograms cDNA were amplified per reaction with QuantiTect SYBR Green (QIAGEN) then amplified using a CFX96 Real-Time PCR Detection System (Bio-Rad). All primers are listed in Supplementary Table 2 .
Statistical Analysis
All results are expressed as mean 6 SEM unless otherwise noted. Statistical significance between two groups was tested using a two-tailed unpaired t test. P , 0.05 was considered significant.
RESULTS
Targeted Mutagenesis of the NEUROG3 Locus in hESCs
To investigate a role for human NEUROG3 during endocrine pancreas development, we generated hESC lines with targeted disruption of NEUROG3 using CRISPR-Cas9 technology. In this approach, we used gRNAs to target the Cas9 nuclease to sequences just downstream of the NEUROG3 start codon (Fig. 1A) . Potential gRNAs were screened and ranked for specificity using BLAST (Basic Local Alignment Search Tool) algorithms and the CRISPR Design Tool (http://crispr.mit.edu) to minimize the risk of off-target effects (25) ( Supplementary Fig. 1A and F) . Moreover, two separate gRNAs that recognize different target sequences in NEUROG3 were used to generate independent NEUROG3 +/2 and NEUROG3 2/2 lines with the rationale that a similar phenotype caused by different target sequences is exceedingly unlikely to be due to off-target effects. Clonal lines were generated and mutations in NEUROG3 detected by Sanger sequencing (Fig. 1B and Supplementary Fig. 1B ). All lines exhibited a characteristic pluripotent stem cell (PSC) morphology, expressed pluripotency markers OCT4 and NANOG ( Supplementary Fig. 1C and D) , grew at a rate similar to that of the parental H1 line, and were karyotypically normal ( Supplementary Fig. 1E ). Importantly, the NEUROG3 paralogs NEUROG1 and NEUROG2 were sequenced and confirmed to be normal in all NEUROG3
2/2 lines (data not shown).
Human NEUROG3 Is Essential for Formation of Pancreatic Endocrine Cells In Vitro
For differentiation of hESCs into pancreatic progenitors and endocrine cells, we used a four-step protocol similar to several previous methods (26-29) (summarized in Fig. 1C ): differentiation of hESC monolayers (marked by OCT4) into definitive endoderm (DE) (marked by SOX17 and FOXA2) and then into posterior foregut (marked by PDX1, .95%) and, finally, formation of pancreatic progenitor cells (marked by NKX6.1, 61%) ( Fig. 1D and Supplementary  Fig. 2A , B, and D). Differentiation into DE, posterior foregut, and pancreatic progenitors was comparable in all lines tested (NEUROG3 1D) . In NEUROG3 +/+ hESCs, NEUROG3 transcripts were detectable starting around day 9 ( Fig. 4A) and ;6% of cells expressed NEUROG3 protein by day 12 ( Fig. 1E and  F) . In contrast, NEUROG3 2/2 hESCs had virtually no NEUROG3 protein (Fig. 1E) or mRNA (Supplementary Fig. 3A and B) . We observed an 80% decrease in NEUROG3-expressing cells in NEUROG3 +/2 heterozygous lines compared with NEUROG3 +/+ wild-type controls, consistent with a published report that NEUROG3 haploinsufficiency in mice causes a reduction in pancreatic endocrine cell mass and impaired glucose regulation (30) . Of note, quantitative analysis of NEUROG3 protein levels in each cell indicated that NEUROG3 levels were the same in NEUROG3 +/2 and NEUROG3 +/+ cells (Fig. 1G) . During pancreas development, PDX1 and NKX6.1 expression is initiated before endocrine specification, and early expression of these genes was similar across genotypes (Fig. 1D) . To investigate whether expression of PDX1 and NKX6.1 in endocrine cells is altered by NEUROG3 haploinsufficiency, we quantified the level of nuclear PDX1 and NKX6.1 in cells either positive or negative for NEUROG3 protein (NEUROG3 pos , NEUROG3 neg ) across genotypes. NEUROG3 mutations had no impact on PDX1 levels (Fig. 1H) Fig. 2C ). On day 12, we observed differentiated endocrine cells in NEUROG3 +/+ and NEUROG3 +/2 cultures that expressed the panendocrine marker chromagranin A (CHGA) ( Fig. 2A and Supplementary Fig. 2A ) and the hormones insulin (INS), glucagon (GCG), and somatostatin (SST) (Fig. 2B) . In contrast, NEUROG 2/2 cultures showed no evidence of endocrine differentiation: CHGA protein and mRNA were completely absent ( Fig. 2A and C) , and there were no hormone-expressing cells (Fig. 2B) , demonstrating that NEUROG3 is required for endocrine specification in vitro. Quantification of INS, GCG, and SST cells in day 12 cultures demonstrated that many cells were polyhormonal. NEUROG3 +/2 cultures had ;75% fewer hormone-expressing cells overall (Supplementary Fig. 2H ), and there were slight changes in the relative proportions of the hormoneexpressing cell types.
We next investigated the impact of NEUROG3 loss on the expression of several transcription factors involved in pancreatic endocrine development. The data suggest that expression of these factors falls into one of three profiles: expression independent of, partially dependent on, or completely dependent on NEUROG3 (Fig. 2C and Supplementary Fig. 3 ). NEUROG3 status had little effect on the levels of PDX1 and NKX6.1 at the pancreatic precursor stage, consistent with the protein data ( Fig. 1H and Supplementary Fig. 3C ). In contrast, expression of NEUROD1, PAX4, PAX6, and MYT1 completely depended on NEUROG3. Factors that partially depended on NEUROG3 were IA1 and ARX, which were decreased in NEUROG3 +/2 cells and further reduced in NEUROG3
2/2 cells. Surprisingly, PTF1A appeared to be partially dependent on NEUROG3 both in CRISPR-targeted lines and in shRNA knockdown lines (Fig. 4A) .
To further investigate whether the expression of these transcription factors was elevated in NEUROG3-expressing cells, we generated a transgenic NEUROG3 reporter line using a 5.5-kb region 59 to the NEUROG3 transcriptional start site to drive expression of mCherry fluorescent protein (NEUROG3 mCherry ) in NEUROG3-expressing cells ( Supplementary Fig. 3E and F) . Sorted NEUROG3 mCherry -expressing cells had high levels of NEUROD1, NKX2.2, PAX4, RFX6, IA1, and the hormones INS and GCG compared with mCherry-negative cells (Supplementary Fig. 2G) . Conversely, the levels of PDX1, NKX6.1, and PTF1A were , and NEUROG3 2/2 hESCs differentiated to pancreatic precursors. mRNA for markers of several developmental stages indicated in C were assessed by quantitative PCR (n = 3, representative of four separate experiments). E: NEUROG3 protein expression in NEUROG3 +/+ , NEUROG3 +/2 , and NEUROG3
2/2
pancreatic precursors (differentiation day 12). NEUROG3 pos cells (examples illustrated with yellow arrowheads) were counted (F), and nuclear expression was quantified (G) by immunofluorescence and high-content analysis. H: The nuclear levels of PDX1 protein in either NEUROG3 pos or NEUROG3 neg cells were compared across cell lines (NEUROG3 +/+ , NEUROG3 +/2 , NEUROG3 2/2 ). Data are displayed with a box-and-whisker plot, and the whiskers represent the minimum and maximum values. Scale bars = 50 mm. Data are mean 6 SEM. **P < 0.01. D, day; fwd, forward; n, number of total nuclei counted; NA, not applicable; RFU, relative fluorescence unit; rvs, reverse.
not enriched in NEUROG3-expressing cells, suggesting that the impact of NEUROG3 loss of function on PTF1A expression is noncell autonomous.
It was surprising that we did not observe the NEUROG3-dependent expression of RFX6, IA1, and ARX previously observed in mice lacking Neurog3 2/2 (9,13,31). Also different from other mouse studies was that NKX2.2 appeared to depend on NEUROG3, as its expression is absent in NEUROG3 2/2 lines. This observation is consistent with NKX2.2 expression during human fetal pancreas development where NKX2.2 is first detected shortly after the onset of NEUROG3 expression (32) . Together, these data indicate that endocrine cell development is a NEUROG3-dependent process in humans, but there are qualitative differences between mouse and humans regarding the transcription factors downstream of NEUROG3.
Human NEUROG3 Is Essential for Formation of Mature Pancreatic Endocrine Cells
Forty percent of endocrine cells derived in vitro were polyhormonal (Figs. 2B9 and 3C ) and did not coexpress b-cell transcription factors such as NKX6.1 and PDX1, suggesting that they were not definitive pancreatic endocrine cells. To investigate whether NEUROG3 is required for the development of mature endocrine cells that arise during the secondary transition, we engrafted human PSC-derived pancreatic progenitors into NSG mice, which are known to promote their development into more mature functional endocrine cells (27) . Progenitors were engrafted either into the splenic lobe of the pancreas or under the kidney capsule and were matured for 6 weeks ( Supplementary Fig. 4A and B) . Of note, we observed that the pancreas seemed to support better growth and survival, with 8 of 11 grafts recovered from the pancreas compared with 6 of 19 grafts recovered from the kidney.
NEUROG3
+/+ cells transplanted into the pancreas contained an average of 16% endocrine cells expressing hormones INS, GCG, and SST. NEUROG3 +/+ and NEUROG3 +/2 endocrine cells were 99% and 91% monohormonal, respectively ( Fig. 3A and B) . NEUROG3 +/2 transplants showed an ;50% decrease in endocrine cell numbers and an increase in the number of polyhormonal cells compared with NEUROG3 +/+ lines ( Supplementary Fig. 4C ). The only hormone-positive cells observed in NEUROG3 2/2 transplants expressed glucagon (7 of 57,393 counted cells from n = 3 transplants), similar to what was observed in Neurog3 2/2 mice (33). Unlike insulin-expressing cells derived in vitro, insulin-expressing cells matured in vivo coexpressed the definitive b-cell transcription factors NKX6.1 and PDX1, indicating that these are more mature b-cells (Fig. 3D) Fig. 4D and E).
Endocrine Cell Development Is Not Severely Affected by an 89% Reduction in NEUROG3
The aforementioned data demonstrate that genetic ablation of the NEUROG3 locus results in a complete loss of lines show reduced and absent expression of NEUROD1 and CHGA compared with a NEUROG3 +/+ control line. Scale bars = 50 mm. Data are mean 6 SEM. *P < 0.05, **P < 0.01, ***P < 0.001. specification of human pancreatic endocrine cells differentiated from PSCs. However, patients with homozygous or biallelic NEUROG3 mutations are all born with endocrine pancreas function. It is possible that the reported NEUROG3 mutations retain enough residual activity to allow for development of pancreatic endocrine cells. To investigate the impact of reduced NEUROG3 levels on endocrine pancreas development, we generated hESC lines expressing shRNA constructs for NEUROG3 (shNEUROG3) and differentiated these into pancreatic precursors. The shNEUROG3 hESCs formed pancreatic progenitors (marked by PDX1 and NKX6.1) with the same efficiency as control lines (Fig. 4A) and had up to an 89% reduction in NEUROG3 mRNA at the endocrine differentiation stages. However, despite this level of knockdown, there were still significant levels of NEUROG3 target genes, such as NEUROD1. INS and GCG mRNA were only reduced by 40% and 75%, respectively. Importantly, NEUROG3 knockdown had only a modest effect on the number of insulin-expressing cells in vitro as assessed by immunofluorescence (Fig. 4B ). These data demonstrate that as little as 11% NEUROG3 was sufficient for relatively normal formation of insulinexpressing cells in vitro.
DISCUSSION
Neurog3 is necessary for the development of pancreatic and gastrointestinal endocrine cells in mice. Patients with biallelic mutations in NEUROG3 present with an absence of intestinal enteroendocrine cells, thus phenocopying the mouse. In contrast to the mouse data, all patients are born with a functional endocrine pancreas (18) (19) (20) 34, 35) . Here, we use genetically modified hESCs to provide definitive evidence that NEUROG3 is required for the development of human pancreatic endocrine cells. These data suggest that the NEUROG3 mutations identified in humans were not complete loss of function because they still supported some degree of endocrine pancreas development. Consistent with this, the current data show that as little as 11% NEUROG3 mRNA is sufficient to allow pancreatic endocrine cell development but is insufficient for intestinal enteroendocrine development (36) .
The molecular basis for the differential requirement for NEUROG3 in pancreatic versus enteroendocrine development is unknown. It is possible that pancreatic endocrine cells express higher levels of NEUROG3 than enteroendocrine cells, where even a hypomorphic protein would be present at sufficient levels to specify a pancreatic endocrine fate. Another possibility may be contextdependent associations with transcriptional cofactors because bHLH transcription factors function as dimers. Consistent with this possibility, most of the point mutations identified in NEUROG3 in humans occur in the HLH dimerization domain. Finally, these mutations may affect posttranslational processing and/or stability of the protein, as is the case with neurogenin1 wherein the half-life is regulated by phosphorylation of a threonine residue (T 188 ) in the loop region, which is highly conserved across neurogenin paralogs (37) .
We also observed that loss of one allele of NEUROG3 resulted in a substantial reduction in NEUROG3 target genes and endocrine cell numbers. Furthermore, we found a substantial increase in polyhormonal cells after in vivo engraftment of NEUROG3 +/2 pancreatic precursors relative to NEUROG3 +/+ , consistent with the observation that timing and dose of NEUROG3 may affect specification of endocrine subtypes (38) . The developmental phenotype associated with Neurog3 haploinsufficiency in mice is not as dramatic; however, postnatally these animals have reduced islet mass and are glucose intolerant (30) . In contrast, NEUROG3 heterozygous parents have normal glucose tolerance (20) , suggesting that either any reduced islet mass is not sufficient for loss of glucose regulation or mutations are only partial loss of function and are sufficient for normal endocrine pancreas development. Finally, the in vitro nature of the current model may render pancreatic cells more sensitive to reduced levels of NEUROG3. Another interesting observation is that loss of one allele of NEUROG3 caused a .50% reduction in mRNA consistent with mouse studies showing that Neurog3 participates in a feed-forward loop with both Foxa2 (39) and Myt1 (33) and that a certain threshold of Neurog3 is required to maintain this regulatory loop.
In conclusion, we used genetic targeting to demonstrate that NEUROG3 is required for development of human endocrine pancreatic cells. These studies suggest that the described human mutations in NEUROG3 are hypomorphic and that the residual function is sufficient for endocrine pancreas function in patients. Moreover, we demonstrated that this approach can be used to manipulate the human genome and study human embryonic organ development in a way that was previously only possible in model organisms. However, these studies also demonstrate that endocrine pancreas development is highly conserved between humans and mice and emphasizes the utility of the mouse as a model organism to study human development.
